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The calculated Fano factor limits the energy resolution in liquid argon ionization chambers to 4 keV (FWHM) at 1 MeV. This theoretical value is several times better than any experimental result reported so far in the literature. We have recently measured an intrinsic energy resolution of 26 * 2 keV for the 976 keV conversion electrons of a *07Bi source in a gridded ionization chamber filled with pure liquid argon, at a drift field of 11 kV cm-'. The measurement of the ' O ' B i spectrum at different electric fields was repeated several times, with very good liquid purity and optimized chamber geometry, reproducing the results. Data were also taken with a xenon-doped liquid argon filling in an attempt to improve the resolution. Enhanced ionization was observed as expected from the presence of excitons in liquid argon, but no improvement in the energy resolution. In this paper we show that the data are consistent with the assumption that recombination straggling from low energy delta electrons, produced abundantly along the path of the primary ionizing particle, is mostly responsible for the degraded experimental resolution.
There has been continuing interest in rare gas liquids and solids for radiation detection in both high energy and nuclear physics, as well as in astrophysics. The high density, small Fano factors, small diffusion constants, and good scintillation properties are some of the characteristics which make these materials ideal for different detector types.
For gamma-ray astronomy the development of a high resolution liquid xenon imaging spectrometer is of primary interest. Such a detector, operated either in the ionization or the proportional scintillation mode, could offer a combination of high spectral and spatial resolutions with large effective areas. Orders of magnitude better sensitivity could be achieved compared to more commonly used germanium o r ,sodium iodide detectors, in an energy range from several keV to several MeV.
Another example of the physics potential of a large volume liquid xenon imaging chamber is the investigation of the double beta decay of 136Xe. We are considering the feasibility of such an experiment. The significantly improved sensitivity with respect to other existing o r planned experiments would have great impact on this fundamental research.
For most applications the excellent spectral response predicted for liquid argon and xenon is the most attracting feature of these materials. A calculation of the Fano factor limited resolution 111 predicts about 4 keV and 2 keV (FWHM) at 1 MeV, for liquid argon and xenon respectively. These values are comparable to the ones of solid state detectors.
Confronted with these expectations, the best experimental results reported so far in both liquids seem rather poor [2 -61. The discrepancy between theory and experiment is even larger in xenon than in argon, while one would expect the contrary.
The factors which contribute to the energy resolution of an ionization detector include: 37 fluctuations in the number of electron-ion pairs created by the ionizing particle, attachment of free electrons to electronegative impurities, chamber design and electronic noise. The reasons for the degraded resolution have been generally attributed to intrinsic limitations of the experimental apparatus.
In particular, the purity of the liquid has been frequently suspected to be insufficient. However, it is difficult to explain the consistency of the results, within experimental errors, obtained with completely different systems. A common physical process could be limiting the observed resolution, much more than any instrumentation related factor. From measurements with compressed xenon gas, Bolotnikov et a l . [7] have recently shown that, for xenon densities larger than 0.6 g cm-3 the experimental energy resolution is mostly determined by recombination of electron-ion pairs from low energy delta electrons, produced along the primary track.
Since the dynamical behavior of free electrons in high pressure rare gases should resemble that in the corresponding liquids we have checked the influence of delta electron production in o u r liquid argon data. The measurements with fast electrons were repeated with an improved chamber geometry, but results consistent with previously published ones [6] were obtained.
The electric field dependence of the collected charge was analyzed assuming a different recombination rate for the part of the signal produced by delta electrons which have a high ionization density. By taking into account this process a considerably degraded energy resolution is expected than if only ionization straggling described by the Fano factor is taken into account. The predictions are in good agreement with o u r experimental data. Results obtained in liquid argon with a small concentration of xenon are also discussed.
7 . E x p -The experimental system used for the liquid argon tests has been described in detail elsewhere [6] . Here we shall briefly discuss the relevant features and the changes made to improve its performance. The ionization chamber, shown schematically in Fig. 1 , consists of two circular stainless steel electrodes separated by a grid, made of electroformed nickel mesh on a nickel support ring. The data presented in this paper were taken with a grid having higher shielding efficiency than the previous one, namely 99% for the same grid-anode separation of 2.9
TO
The drift region was 6.1 m. A collection field at least three times stronger than the drift field was measured to give maximum transmission for the drifting electrons. The improved grid geometry, however, did not have a significant effect on the energy resolution.
A careful choice of clean materials and an efficient purification system are required to minimize the capture of free ionization electrons by electronegative impurities. In our system argon gas is purified by passing it through an Oxisorb purifier followed by two molecular sieves at dry ice temperature. We have demonstrated in earlier studies [6, 81 that this simple method is capable of reducing the impurity concentration below 1 ppb, equivalent oxygen. The purified gas is condensed into the chamber by surrounding it with a bath of commercial grade liquid argon in an open dewar.
The purification system was modified for tests with xenon-doped argon. The 13X sieve had to be removed since the adsorption of xenon in this zeolite is substantial (in the order of 60 grams per 100 grams of zeolite at -78 ' C and 1 atm) [91. A (Zr-V-Fe) getter [lo] , operated at 450 OC was added. The 4A molecular sieve, having pores too small to trap xenon, was left in the system. The new system was carefully cleaned before assembly and evacuated to a pressure of about Torr .with a turbomolecular pump. Measurements with liquid argon purified by either purification system are consistent.
As with previous measurements a *07Bi source, electroplated on the cathode, was used to ionize the liquid. Negative high voltage was supplied separately to the cathode and to the grid. The anode was directly coupled to the input stage of a low noise charge sensitive preamplifier. The charge signals were passed through a spectroscopy amplifier and fed into a multichannel analyzer. Bipolar shaping with 3 pa time constants was typically used. At high drift fields, however, a better signal/noise ratio was achieved with 1.5 pa shaping. A n average equivalent noise charge of 250 electrons RMS was characteristic of our readout system. A test pulse coupled with a 1 pF capacitor to the gate of the FET served for charge calibration.
mm.
In the shallow liquid argon chamber used for these tests the gamma-ray activity of the 207Bi source is poorly detectable and the spectrum is dominated by four internal conversion electron lines at 481, 555, 976 and 1048 kev. The Compton edges associated with the two gamma-ray lines at 569 and 1064 keV are visible as well as the fluorescence X-rays at the low energy end of the spectrum. A typical pulse height spectrum measured at the highest drift field in our liquid argon chamber is shown in Fig. 2 .
We have measured the pulse height spectrum at many different drift field settings from few hundred V cm-l up to a maximum of about 11 kV cm-l. At higher fields repeated breakdown occurred, mostly due to failure of the electrical feedthroughs. Several data sets were taken under similar conditions to cross check the reproducibility of the results. Each spectrum was accumulated for at least 4 minutes, to ensure good statistics, and saved for further analysis. The peak location and the width of the dominant lines were determined by a least squares fit with gaussian functions. The background was approximated by a quadratic function. The resolution was defined as the ratio of the full width at half maximum to the maximum pulse height of the line. The contribution of the electronic noise was determined from the width of the test pulse distribution. To interpret the measured electric field dependence of the collected charge we can use the formula based on the Jaffe theory of columnar recombination 111, 121 :
Bi-207 in LAr
where Q is the collected charge, Qo is the total charge produced along the track of the ionizing particle, E is the electric field and k is the recombination constant. At infinite field no recombination takes place and Q equals Q o . The total number of electron-ion pairs produced by a 976 kev electron in liquid argon is .. 4 x l o 4 or 6.6 fC, assuming an average energy (W) to create one pair of 23. 6 eV.
(1) gives Qo = 6.21 f 0.03 fC and k = 0.28 f 0.01 kV cm-l with a x2 of 18 per degree of freedom. The errors are statistical only. A systematic uncertainty of about 5% from the charge calibration should be added to the absolute determination of the measured charge. Analyzed in this way the data are consistent with a fraction of charge escaping recombination close to 100% making it impossible to explain the measured values for resolution. The track of the fast primary electron can be pictured as a tube of about 2 x low5 cm diameter [131, filled by electrons and positive ions. The charge density along the axis of the tube increases monotonically until the end of the electron track. Side tracks of low energy delta electrons with high ionization yields are also produced. Recombination is strongest on these tracks and larger fluctuations in the number of charges collected from these delta electron tracks have to be expected, as suggested by Bolotnikov et al.
In order to account for this effect we have fitted the same data with the function:
A fit to our data with Eq.
1).
D e l t a e l e c t r o n s o f a l l e n e r g i e s from t h e W-value up t o t h e e n e r g y o f t h e p r i m a r y e l e c t r o n , c a n b e 
F i e l d Dependence of t h e Charge C o l l e c t e d f o r t h e 976 keV E l e c t r o n s .

The l i n e is a f i t t o t h e p o i n t s w i t h Eq. (2).
The v a l u e s o f t h e f i t t e d
F i g . 3 shows t h e f i t of Eq. (2) t o o u r 976 keV d a t a . The v a l u e s o f t h e f o u r p a r a m e t e r s and t h e n o r m a l i z e d x2 are a l s o g i v e n . The q u a l i t y of t h e f i t i s much b e t t e r t h a n would b e e x p e c t e d from a s i m p l e i n c r e a s e i n t h e number o f p a r a m e t e r s from two t o f o u r . While t h e c o n t r i b u t i o n t o t h e t o t a l c o l l e c t e d c h a r g e from t h e primary e l e c t r o n t r a c k s a t u r a t e s v e r y e a r l y , t h e p a r t of t h e s i g n a l due t o d e l t a e l e c t r o n s rises s l o w l y up t o extreme f i e l d s . A t a f i e l d E = kg o n l y 50% o f Q8 i s c o l l e c t e d . Because o f t h i s s l o w increase w i t h f i e l d , t h e d e t e r m i n a t i o n of kg and Qg from our d a t a , which a r e l i m i t e d t o about 11 kV cm-',
cannot b e v e r y a c c u r a t e .
From t h i s a n a l y s i s w e conclude t h a t about 20% of t h e t o t a l i o n i z a t i o n produced by a 976 keV e l e c t r o n i n l i q u i d a r g o n i s d e p o s i t e d i n f o r m o f d e l t a e l e c t r o n s . A t o u r maximum f i e l d s t r e n g t h , more t h a n
\ 39 50% o f t h i s c h a r g e i s l o s t through recombination.
W e have c a l c u l a t e d t h e e x p e c t e d number dng o f d e l t a e l e c t r o n s p e r c e n t i m e t e r w i t h e n e r g i e s i n t h e i n t e r v a l between Eg and Eg + dEg, produced by a 976 keV e l e c t r o n i n l i q u i d argon. Using t h e formula b a s e d on M o t t r S c r o s s s e c t i o n f o r t h e e l a s t i c s c a t t e r i n g of e l e c t r o n s by t h e Coulomb f i e l d o f a n u c l e u s a n d n e g l e c t i n g r e l a t i v i s t i c c o r r e c t i o n s w e have:
dng = (2nNe4/m,v2) (&&/E$) ( 3 ) w i t h N t h e number o f e l e c t r o n s p e r c m 3 o f argon, v t h e v e l o c i t y of t h e s c a t t e r i n g e l e c t r o n , E6 and me t h e k i n e t i c e n e r g y and mass o f t h e d e l t a e l e c t r o n s .
The t r a c k l e n g t h o f a 976 keV e l e c t r o n i n l i q u i d a r g o n h a s been d i v i d e d i n v e r y small s t e p s and i n e a c h step t h e p r o b a b i l i t y t o create d e l t a e l e c t r o n s w i t h i n a g i v e n e n e r g y i n t e r v a l h a s been c a l c u
l a t e d w i t h E q . ( 3 ) . F i g . 4 shows t h e a v e r a g e amount o f e n e r g y l o s t b y t h e p r i m a r y p a r t i c l e f o r t h e p r o d u c t i o n of d e l t a e l e c t r o n s w i t h e n e r g i e s below 50 keV. O n l y t h o s e d e l t a e l e c t r o n s f o r w h i c h recombination i s s i g n i f i c a n t l y enhanced w i t h r e s p e c t t o t h e p r i m a r y p a r t i c l e have t o be c o n s i d e r e d i n t h i s c a l c u l a t i o n . A s e x p l a i n e d b e f o r e , a lower and upper l i m i t i n e n e r g y s h o u l d be e s t a b l i s h e d t o d e f i n e t h i s s p e c i a l c l a s s o f d e l t a e l e c t r o n s . F o l l o w i n g t h e c o n s i d e r a t i o n s o f M i r o s h i n i c e n k o e t al.
[ 1 4 1 , w e choose t h e e n e r g y r a n g e between 1 and 20 keV f o r t h e d e l t a e l e c t r o n s which e x i b i t a s i g n i f i c a n t l y d i f f e r e n t E n e r g y Loss D i s t r i b u t i o n of a 9 7 6 keV e l e c t r o n f o r P r o d u c t i o n of d e l t a e l e c t r o n s of E n e r g i e s up t o 50 keV.
i o n i z a t i o n d e n s i t y . I n t h i s range about 200 keV of t h e p r i m a r y e l e c t r o n e n e r g y a r e l o s t i n form of d e l t a e l e c t r o n s , which matches t h e 20% o b t a i n e d from o u r d a t a . However, t h e r e s u l t of t h e c a l c u l a t i o n depends c r i t i c a l l y on t h e chosen e n e r g y l i m i t s and can o n l y be viewed a s a rough e s t i m a t e .
. 2 .
Enerav R e s o l u t i w The e n e r g y r e s o l u t i o n i s d e t e r m i n e d b y s t a t i s t i c a l f l u c t u a t i o n s i n t h e t o t a l c h a r g e c o l l e c t e d . The i o n i z a t i o n e l e c t r o n s produced a l o n g t h e p r i m a r y t r a c k a r e n e a r l y a l l d e t e c t e d . The f l u c t u a t i o n s i n t h e i r number s h o u l d t h e r e f o r e be w e l l d e s c r i b e d by t h e Fan0 f a c t o r (F = 0 . 1 1 ) . Much l a r g e r f l u c t u a t i o n s a r e e x p e c t e d i n t h e number of c h a r g e s
h a t a t f i e l d s much h i g h e r t h a n t h e v a l u e o f kg, f l u c t u a t i o n s i n Qg s h o u l d b e d e s c r i b e d by a Fg = F, w h i l e a t v e r y low f i e l d s P o i s s o n s t a t i s t i c s s h o u l d h o l d (Fg = l ) , s i n c e most of t h e e l e c t r o n s are l o s t t h r o u g h recombination. I n f i r s t a p p r o x i m a t i o n t h e e x p e c t e d r e s o l u t i o n can t h e r e f o r e b e w r i t t e n a s :
&/E = 2 . 3 5 s 1 " I (F ( l + k / E ) / (Qo-Qg) f i e l d t h a n t h e maximum reached i n t h e p r e s e n t s t u d y .
C t of The f i e l d dependence of t h e c h a r g e and e n e r g y r e s o l u t i o n of '"Bi e l e c t r o n s was a l s o measured i n l i q u i d a r g o n doped w i t h 1% xenon. The xenon was admixed i n t h e g a s p h a s e . W e assume t h a t i t s c o n c e n t r a t i o n i n t h e l i q u i d d i d n o t c h a n g e s i g n i f i c a n t l y . F i g . 6 shows a t y p i c a l p u l s e -h e i g h t s p e c t r u m of ' 0 7 B i e l e c t r o n s w i t h and w i t h o u t xenon.
The dominant 976 keV peak i s c l e a r l y h i g h e r i n t h e m i x t u r e t h a n i n t h e p u r e l i q u i d .
The t e s t s w e r e r e p e a t e d t w i c e u s i n g t h e same g a s m i x t u r e , a n d r e s u l t s were r e p r o d u c i b l e .
The i n c r e a s e i n c h a r g e c o l l e c t i o n r e l a t i v e t o p u r e l i q u i d a r g o n was a b o u t 13%, c o n s t a n t w i t h i n e r r o r s a t a l l d r i f t f i e l d s , a s shown i n F i g . 7 .
The e n h a n c e d i o n i z a t i o n from xenon d o p i n g i s e x p l a i n e d by t h e e x i s t e n c e o f e x c i t o n s t a t e s i n l i q u i d argon, f i r s t confirmed by Kubota e t a l . [151.
Xenon c a n b e i o n i z e d by t h e s e e x c i t e d s t a t e s which have h i g h e r e n e r g i e s t h a n t h e i o n i z a t i o n p o t e n t i a l of xenon i n l i q u i d argon (10.58 ev).
I n t e r m s o f e n e r g y r e s o l u t i o n one would e x p e c t a n improvement i n xenon doped a r g o n , due t o t h e 
.
Conclusions
The e l e c t r i c f i e l d dependence of t h e e n e r g y r e s o l u t i o n measured i n a l i q u i d a r g o n i o n i z a t i o n chamber h a s been a n a l y z e d by t a k i n g i n t o account t h e p r o d u c t i o n of h i g h l y i o n i z i n g d e l t a e l e c t r o n s .
Following a n i n t e r p r e t a t i o n by Bolotnikov et a l . of t h e i r measurements w i t h high p r e s s u r e xenon, w e have f i t t e d t h e s a t u r a t i o n c u r v e i n l i q u i d argon assuming a d i f f e r e n t r e c o m b i n a t i o n r a t e on t h e p a r t of t h e
with d e l t a e l e c t r o n t r a c k s . A t t h e maximum f i e l d u s e d i n our s t u d y w e c o l l e c t less t h a n 5 0 % of t h i s charge. The dependence p r e d i c t e d for t h e e n e r g y r e s o l u t i o n on t h e d r i f t f i e l d a g r e e w e l l w i t h t h e d a t a i f a n a v e r a g e v a l u e o f 0.62 i s assumed t o d e s c r i b e t h e f l u c t u a t i o n s on t h e c h a r g e c o l l e c t e d from d e l t a e l e c t r o n s . W e c o n c l u d e t h a t t h e b e s t e x p e r i m e n t a l v a l u e s f o r t h e r e s o l u t i o n measured s o f a r i n l i q u i d argon a r e c o n s i s t e n t w i t h t h e e x p e c t a t i o n s a t t h o s e f i e l d s . One c a n t h e r e f o r e m i n i m i z e t h e c h a r g e l o s s by d i r e c t l y d e t e c t i n g t h e u l t r a v i o l e t photons s i g n a l and add it t o t h e e l e c t r o n one. Another a l t e r n a t i v e i s t o add a p h o t o s e n s i t i v e d o p a n t t o t h e l i q u i d t o c o n v e r t t h e s c i n t i l l a t i o n l i g h t i n t o d e t e c t e d c h a r g e s .
F i n a l l y , our data i n a r g o n doped w i t h 1% xenon c o n f i r m a n e n h a n c e d i o n i z a t i o n y i e l d due t o t h e e x i s t e n c e of e x c i t o n s t a t e s i n l i q u i d argon, b u t do n o t show any improvement i n t h e r e s o l u t i o n d e s p i t e t h e smaller Fano f a c t o r c a l c u l a t e d f o r t h i s m i x t u r e . T h i s c o u l d be c o n s i s t e n t w i t h t h e dominating e f f e c t of d e l t a e l e c t r o n s .
W e would l i k e t o t h a n k Adrienne M. Cool f o r h e r d e d i c a t i o n a n d v a l u a b l e a s s i s t a n c e d u r i n g t h e s e tests. T h i s work was s u p p o r t e d by a g r a n t from DARPA (#N-00014-8 6-C-008 6 ) .
